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The near wake dynamics developed behind a horizontal cylinder with wall proximity effects are elucidated from laboratory experiments and Large-Eddy Simulations (LES) . Fixed vertical gap to diameter (G/D) ratios of 0.5 and 1.0 were investigated for Reynolds numbers equal to 6,666, 10,000 and 13,333. The LES results agreed well with the experimental measurements for the time-averaged flow quantities and captured the upward flow motion developed over the lower half of the flow depth as a consequence of the near-wall effect. The presence of a narrow gap between the cylinder and the bed, i.e. G/D = 0.5, significantly influenced the dynamics of the vortex generation and shedding which, in consequence, led to an increasingly pronounced asymmetric wake distribution with increasing Reynolds number. In the wider gap case of G/D = 1.0, the wake remained relatively symmetrical, with reduced impact of ground proximity. Kelvin-Helmholtz instabilities developed in the upper and lower shear layers were shown to be decoupled as their instantaneous laminar-to-turbulent transition occurred at different downstream distances at any given time. Spanwise rollers were shown to form with an undulating pattern and presented irregularly located vortex dislocations. Furthermore, a ground-vortex induced during the early stages of the lower roller's generation in the wake lifted off the ground and merged with the von-Kármán vortices to form a single vortical structure. For G/D = 0.5, a positive upwards force was present, and experimental and LES Strouhal number values ranged between 0.28-0.32, while computed drag coefficient values were lower than those typical for unbounded cylinder flows. As for G/D = 1.0, Strouhal numbers decrease to a 0.26-0.30 range whilst drag coefficient increases, further demonstrating the effects on the cylinder wake structure dynamics due to the proximity to a solid boundary. The friction velocity (u * ) was obtained from the best-fit of the velocity measurements to a 157 log-law ( Fig. 2b ) that were measured for five flow conditions which included the three flow 158 conditions modelled in this paper (i.e. Re = 6,666, 10,000 and 13,333). Fig. 2a shows that 159 the friction velocity increased linearly with the bulk velocity and thus the velocity profile 160 approaching the cylinder can be defined according to a log-law distribution as,
Here, u i = (u, v, w) and x i = (x, y, z) are the filtered fluid velocity and position in the 179 three coordinates of space respectively, p denotes filtered pressure, ν is the fluid kinematic 180 viscosity, ρ is the fluid density, and τ ij is the sub-grid scale stresses. The schematic of the computational domain presented in Fig. 3 comprises 30D in the 196 streamwise direction, 6D in the cross-streamwise direction and 3D in the vertical direction, 197 therefore replicating the full flume width and the uniform flow depth used in the experiments.
198
Note the spanwise domain length (6D) is very close to the proposed length of 2πD required 199 to fully capture the spanwise wavelength of the vortical structures in the cylinder wake 7 .
200
The downstream end of the cylinder is located 7D from the upstream inlet and considered as 201 the origin of the x-coordinates. Two cylinder locations were studied with LES, one adopting 202 the gap ratio as studied in the experimental study and another case with a gap ratio of 1.0, 203 which is indicative of the case twhere the cylinder is unaffected by proximity to the bottom 204 wall.
205
The same grid resolution is adopted for the two lower Reynolds numbers (Re = 6,666 206 and 10,000) whilst the resolution is doubled for the highest Reynolds number case (Re = 207 13,333) due to an increase in the friction velocity and the requirement to keep the first grid 208 cell off the wall within the viscous sub-layer 43 . The grid resolution adopted is the same in x-209 and z-directions (∆x = ∆z), whilst it was doubled in the spanwise direction, i.e. ∆y = 2∆z.
210
The resolution in the computational domain is non uniform in the streamwise direction, as 211 local mesh refinement is adopted 42 , but uniform in the spanwise and vertical extensions. A 212 fine grid size is adopted in the region embedding the cylinder and the near-wake between 213 x = −1D and 5D, whilst the grid size is doubled in the remaining domain to reduce the 214 computational burden of the simulations. Table II details The log-law velocity profile (Eq. 1) is prescribed at the inlet of the domain and adjusted The lack of a more pronounced asymmetry in the recirculation bubble despite the small which shear layers remain laminar immediately after departing from the cylinder's sides.
265
As shown later in Section IV E, these start to become unsteady at a closer distance to the between 0.4 < x/D < 2.2. Interestingly a larger portion of this high vertical turbulence intensity region is located above the cylinder centreline, z/D = 1, whilst predominantly 279 below the centreline for the streamwise turbulence intensity (Fig. 4c ). This evidences 280 that the ground-effect renders the nature of the near-wake significantly more unsteady by 281 changing the dynamics of the vortex generation and shedding which, in consequence, leads 282 to an asymmetric wake distribution. A similar pattern is found in the distribution of vertical in the experiments, particularly immediately after the cylinder. Further downstream, the 310 streamwise velocity tends to recover and approach the unperturbed log-law profile found 311 upstream of the cylinder. Until a distance of x/D ≈ 3, the profiles of u feature one peak 312 over the cylinder top (i.e. z/D > 1.5) and another that is larger in magnitude at z/D ≈ 313 0.5. Such asymmetrical distribution of u evidences the ground-effect in the von-Kármán 314 street as also observed in Fig. 4c . A more uniform distribution along the water column is Further insights into the asymmetric wake enclosed behind the cylinder for the different 335 flow rates studied with G/D = 0.5 are given in Fig. 8 . The flow streamlines indicate that 336 in all cases the two recirculating cells are not symmetrically distributed about the cylinder 337 centreline and are slightly shifted towards the free-surface. This shift is more pronounced 338 with increasing Reynolds number. The spatial resolution of the flow streamlines used to 339 deduce the separation point off the cylinder sides is approximatelly half of the grid size.
340
The recirculation length (L rec /D) shortens with increasing Reynolds number as presented 341 in Table III , and its values are similar to those reported for unconfined cylinder flows 6,7 .
342
Results also show that increasing the gap ratio decreases the recirculation length due to the are symmetric to the wake centreline, the upper cell being slightly longer as shown in Table   348 III. Flow streamlines allow the precise location at which the boundary layers separate on as presented in Table III . From Fig. 8 , it is also observed that the locus of the upper cell is the cylinder is shown in Fig. 9 . For the largest gap ratio, the streamlines distribution is 359 symmetric to the wake centreline whilst for G/D = 0.5 the asymmetry is observed even at The asymmetric near-wake recovery can be further characterised by considering the mean 395 velocity terms in the continuity equation:
In an unbounded environment these terms should be symmetric to the cylinder centreline with the mean flow and whose size increases at the next time instant 3T /6. This sequence 506 is analogous to the vortex splitting identified in Fig. 14 . At x/D = 2 (Fig. 15d) , the rollers 507 start to feature smaller scale, localised instabilities as a result of their interaction with the 508 turbulent flow going over the cylinder, which is linked to mode A instabilities. These small 509 scale vortices result from the change in vorticity 49 , which was observed during experiments 50 , 510 and grow in size during their downstream convection, as seen in Fig. 15e and f. Note that 511 despite these turbulent structures originating with the roller, they appear to be connected 512 to the vortical structures shed from the bottom half of the cylinder, as shown in Fig. 12 in 513 the far wake region at x/D > 2. Instantaneous flow structures in Fig. 15g, h and Fig. 14) for the Re = 13,333 and G/D = 0.5 case. An interval of T /6, with T being the vortex shedding period, is kept between snapshots. Flow is from left to right.
F. Dominant shedding frequency and hydrodynamic coefficients 519
The hydrodynamic forces generated on the cylinder are impacted by the asymmetric flow 520 field developed around the cylinder owing to both its proximity to the bed and the upstream 521 velocity logarithmic distribution. The cylinder forces are directly calculated from the im-522 mersed boundary method 36 in the horizontal and vertical directions, F x and F z respectively, 523 and are used to calculate the drag (C D ) and lift (C L ) coefficients given by:
where ρ is the fluid density and A is the cylinder's cross-sectional area. Values of the time- proximity to the wall, although these remain slighly higher due to effects from the confined 546 domain. These distinct energy peak are observed at the vortex shedding peak frequency (f p ), 547 which becomes higher with increasing Reynolds number as shown in Table IV . Harmonics 548 of these frequencies observed at 2f p and 3f p are more pronounced in the configuration with 549 the cylinder closer to the ground specially for the Re = 13,333 case. Experimental Strouhal 550 values presented in Table IV were interactions observed in the wake in cylinder flows in proximity of a solid wall with G/D 563 = 0.5 are summarised in Fig. 17 , based on the mean and instantaneous wake distribution 564 shown in Fig. 9d and 12, respectively. As the flow approaches the cylinder, it accelerates 565 over its upper and lower sides. For small gap-to-diameter ratios, e.g. G/D = 0.5, the flow 566 going under the cylinder is accelerated akin to a jet-flow as a result from an adverse pressure 567 gradient, which is larger over the region between the bed and the cylinder's underside 51 . This 568 is supported by the distribution of ∂ u /∂x in Fig. 11 .
569
Upon passing the cylinder's underside, there is a favourable pressure gradient and the 570 flow is able to expand vertically 15 . In this region the velocity profile is influenced by the solid 571 cylinder and bottom walls, which induce the flow to exhibit a parabolic velocity profile 52 .
572
Hence, the gradient ∂ u /∂z is positive near the bottom and negative in the cylinder's lower 573 shear layer (Fig. 11) . The generation of the bottom shear layer due to this velocity gradient 574 can be well-explained by the definition of spanwise vorticity:
575
FIG. 17: Schematic of the mechanisms responsible for the appearance and progression of the ground vortex for small gap-to-diameter ratios.
In the contribution to the generation of ω y , the term ∂w/∂x is smaller than ∂u/∂z, thus 576 the vorticity field near the bottom wall is nearly proportional to the vertical gradient of 577 streamwise velocities of positive sign, as seen in Fig. 9d . As observed in Fig. 12 , there is a and growing in size with increasing distance downstream.
592
In the area occupied by the roller (R) the values of p are negative, where this instan-593 taneous pressure field responsible for the quick GV lift-off, which also exhibits negative cylinder and the wall reduces the negative pressure fluctuations and their impact on the roller
